How organisms cope with imbalances of nutrients needed for growth relative to availability is fundamental to understanding organism and ecosystem ecology. Biological communities have evolved to take advantage of available nutrients to fit their needs (Droop 1974; Rhee 1978) , as Redfield first stated so eloquently decades ago (Redfield 1958) . In freshwater, biomass stoichiometry is often more variable than that observed in the oceans because of shorter nutrient residence times and greater seasonal fluctuation in their input (Hecky et al. 1993; Guildford and Hecky 2000) . Examination of the biomolecular composition of organisms at the base of the food web in freshwater ecosystems at extreme supply stoichiometries may therefore inform our understanding of how organisms balance their structural physiology and allocate nutrients to meet their needs (Shuter 1979) .
In addition to nutrients, light and temperature are determinants of planktonic cellular composition (e.g., abundance of chlorophyll [Chl] , structural, and storage compounds; Shuter 1979; Sterner and Elser 2002) . In response to varying physicochemical conditions, microbes will modify intracellular partitioning of carbon (C) and phosphorus (P) among macromolecular pools and alter their growth rates (Rhee 1978; Shuter 1979; Makino et al. 2003) . Furthermore, algae and some prokaryotes can reduce cell quotas for a nutrient (i.e., P) during limitation or stress by modifying their membrane lipid composition (Sato 2004; Van Mooy et al. 2006 . Non-phosphorus lipid production and substitution is well documented in cultures (Benning et al. 1993; Sato 2004 ) and in marine systems (Van Mooy et al. 2006 , but it has been less frequently studied in situ for freshwater ecosystems (Bellinger and Van Mooy 2012) .
Seston (planktonic communities of phytoplankton, bacteria, and detritus) in Lake Superior inhabit a Pdeficient environment with soluble reactive P (SRP) concentrations typically , 100 nmol L 21 (Hecky et al. 1993; Sterner 2011) . Lake Superior is dimictic, and during summer thermostratification a deep chlorophyll maximum (DCM) develops near the bottom of the euphotic zone coinciding with the metalimnion (Barbiero and Tuchman 2004; Sterner 2011; White and Matsumoto 2012) . Organisms in the DCM sit at the interface of varying conditions of light, temperature, and nutrients that contribute to distinct vertical differences in phytoplankton assemblage composition, production, and nutrient concentrations (Munawar and Munawar 1978; Barbiero and Tuchman 2004; Sterner 2011) . The confluence of physicochemical conditions supports DCM seston biomass but also provides the context for important physiological trade-offs that contribute to vertical differences in biomass stoichiometry.
In this study, Lake Superior was extensively surveyed in September 2011 in order to better understand whole-lake seston biogeochemistry. Our goal was to establish relationships between physicochemical attributes and seston biomass and stoichiometry. In the context of environmental drivers and spatial differences among sestonic communities, we provided quantification of biomolecular P pools that underlie biomass stoichiometry and reflect limiting factors to act as physiological indicators. We hypothesized that gradients would exist horizontally between nearshore and offshore stations and vertically between epilimnetic seston and the DCM. Horizontal gradients would be driven by nearshore dynamics related to watershed inputs (i.e., P) relative to the isolated pelagic regions. With depth, epilimnetic seston should have reduced concentrations of Pcontaining biomolecules relative to DCM seston, given the lower previously reported particulate P (PP) concentrations (Sterner 2011) . We hypothesized that the sulfate-and nitrogen (N)-containing non-phosphorus lipids would replace the phospholipids phosphatidylglycerol and phosphatidylcholine, respectively, to serve as a compensatory mechanism to P stress and imbalanced biomass stoichiometry.
Methods
Cruise and sample collection-This research was part of the Cooperative Science and Monitoring Initiative, a joint effort between the United States and Canada (Richardson et al. 2012) . Fifty-four stations were distributed across Lake Superior based on a generalized random tessellation stratified probabilistic survey design (Fig. 1; Stevens and Olsen 2004) . Stations were weighted by surface area to enable system-wide parameter estimates; the final sample frame of 80,215 km 2 represented over 97% of the total lake area. Stations were distributed across two large spatial groupings (nearshore and offshore), within which four depth zones were embedded, two nearshore and two offshore zones. Zone delineations (final n 5 53; one station improperly sampled) were as follows: zone 1 (5-30 m; n 5 5), zone 2 (30-100 m; n 5 19), zone 3 (100-200 m; n 5 14), and zone 4 (. 200 m; n 5 15). The stations were distributed in an unequal manner, with more stations (reducing area weights) in the nearshore zone as a result of the small size of this area in Lake Superior. Stations were sampled 06-17 September 2011 from the R/V Lake Guardian.
At each station, a Sea-bird 911 conductivity-temperature-depth (CTD)-rosette system (Sea-bird Electronics) with a sampling rate of 243 s 21 was deployed. The CTD was augmented with additional sensors for fluorescence (470 nm excitation and 685 nm emission wavelengths; Seapoint Sensors), light transmittance (C-Star; Wet Labs), oxygen (Sea-bird SBE 43), pH (Sea-bird SBE 18), and photosynthetically active radiation (PAR; Biospherical Instruments). Water samples were collected at discrete depths with 10 liter Niskin bottles mounted on the rosette carousel. A composite epilimnetic sample (hereafter simply referred to as ''epilimnion sample'') was composed of equal volumes of water collected from 1 m below the surface, mid-epilimnetic depth, and 1 m above the metalimnion. Not all sites were thermally stratified, and those that were did not always support a DCM layer. Stratification was based on a sharp decline in temperature of at least 10uC within a 5-10 m range. DCM presence was determined as an approximate tripling in fluorescence from surface values coincident with the metalimnion-hypolimnion boundary. When a DCM was deemed present, three Niskin samples were taken at the depth of peak fluorescence and composited. Three hypolimnetic water samples were collected at approximately 1 m above the sediment surface at all sites and composited. All samples were stored refrigerated until processing.
Within 6 h of sample collection, approximately 1 liter of each composite water sample was processed for water quality (epilimnion, DCM, hypolimnion), and 6 liters were processed for seston biomolecular analyses (epilimnion and DCM only). Approximately 1 liter of sample was preserved in a 1 liter brown NalgeneH bottle with Lugol's solution and kept refrigerated until processing for particle size and algal division biomass determinations. For chlorophyll a (Chl a), lipid-P, intact polar diacylglycerols (IP-DAGs), and PP, between 1 and 2 liters of water were vacuumfiltered for each analyte at low pressure through combusted WhatmanH GF/F filters. For seston nucleic acid-P determination, 20-50 mL of water was filtered onto 0.2 mm Nucleopore polycarbonate filters before fouling occurred. We attempted to remove zooplankton from filters prior to storage. Filters were individually wrapped in aluminum foil, placed in vials, and either flash frozen in liquid nitrogen and stored at 280uC (IP-DAGs) or frozen at 220uC (remaining filters) until analysis.
Water quality analysis-Epilimnetic and hypolimnetic samples were analyzed for dissolved anion, C, N, and P concentrations, whereas DCM samples were only analyzed for dissolved P-species concentrations. Approximately 100 mL of unfiltered water was added to acid-washed (10% HCl) and deionized (DI) water-rinsed 125 mL polyethylene bottles for total nutrient analyses. Water was filtered through 0.45 mm hydrophilic nylon filters and split into acid-washed polyethylene bottles for dissolved inorganic nutrients; DI water-washed 125 mL square polyethylene bottles for sulfate (SO 2{ 4 ); and muffled, DI water-washed 120 mL amber glass Qorpak bottles (Qorpak) for determination of dissolved organic carbon (DOC). The DOC samples were preserved with 1 : 1 phosphoric acid (pH , 2). Nutrient samples were stored frozen and anion samples were refrigerated until analysis.
Nutrient analyses were performed on a Lachat Chem 8000 (Lachat Instruments) automated flow injection systems (QuickChem 2011) . Total N (TN) and total P (TP) determinations were made on unfiltered samples by digestion via an autoclave (50 min at 121uC and 11.7 3 10 4 PA) after addition of 3.3 mL of 0.148 mol L 21 potassium persulfate and 3.75 mol L 21 NaOH reagents. Nitrogen was measured after cadmium reduction (method 4500-N F; APHA 1998). Phosphorus in the digested sample was measured after forming an antimony-phosphomolybdate complex, with ascorbic acid reduction (method 4500-P F; APHA 1998). From undigested filtered samples, inorganic dissolved nitrate+nitrite (NOx) was measured using the phenolate method with cadmium reduction (method 4500-N E; APHA 1998) and SRP with the molybdate-ascorbic acid method (method 4500-P F; APHA 1998). Dissolved organic P (DOP) was measured on filtered water after digestion in the manner described above (method 4500-P F; APHA 1998). DOC was determined by ultraviolet-sodium persulfate oxidation on a non-dispersive infrared TOC analyzer (Teledyne Tekmar; method 5310-C; APHA 1998).
Sulfate was measured on a Dionex DX600 ion chromatograph (Thermo Fisher Scientific; method 4110-C; APHA 1998).
Epilimnetic and DCM POC and particulate organic N (PON) were determined using a Costech ECS 4010 elemental analyzer (Costech Analytical Technologies) coupled to a Thermo Electron DeltaPlus XP Mass Spectrometer (MS). Whole filters were combusted at 1000uC converting N and C into N 2 and CO 2 gases, separated via a packed chromatography column, and detected using gas chromatography. Chl a was extracted from filters using an acetone solvent saturated with magnesium carbonate and measured using a Turner Designs-700 Fluorometer (Turner Designs; Welschmeyer 1994).
Seston particle size concentration analysis-Preserved epilimnetic and DCM samples were poured into 1 liter graduated cylinders and volumes were recorded. The seston was settled at a rate of 6 h cm 21 over a 3-6 week period (Furet and Benson-Evans 1982) . The top water was intermittently siphoned from the cylinder, and the remaining sample was then rinsed into successively smaller cylinders and allowed to settle until a concentrated volume of 20 mL could be obtained. A subsample of 2 mL was then placed into a known volume of IsotonH solution and counted on a Beckman Coulter Multisizer TM 4 particle analyzer (MS4) with an aperture size of 140 mm. The instrument was set to divide the counts into 400 size bins with particle diameters ranging from 2.8 mm to 84 mm, which largely excludes picoplankton (characterized as cells , 3 mm) and small bacteria. Particle volume was calculated assuming a spherical shape and based on bin diameter using MS4 software. Results were converted to biomass (mg m 23 ) with an assumed density of 1 mg mm 23 (Willen 1959) .
Algal division biomass determination-Algal identification and biomass determination were made by PhycoTech. Concentrated seston samples were prepared for soft-bodied algal and diatom identification by mounting a known volume of sample in 2-hydroxypropyl-methacrylate onto a glass slide, ensuring 20-30 cells per field at 3200 magnification. Diatoms were identified along with the soft-bodied algae to the lowest level practical. A lower resolution of taxonomy was conducted by digesting a portion of the concentrated sample in nitric acid and preparing a cleaned mount in Naphrax (Brunel Microscopes). Diatom taxa were then identified at 31000 under oil immersion. Counts were performed at magnification according to the size of the algae that dominated the sample using a tiered count method. The numbers of natural units and field counts thus varied with size category. For example, if a sample was dominated by soft algae measuring 10-20 mm in greatest axial linear dimension (GALD), a minimum of 300 natural units and 15 fields were counted at 3200. Taxa that were , 10 mm, fragile, or difficult to identify were counted at a minimum of 100 natural units and 10 fields at 3400. Counting of large taxa was done by scanning the whole slide at 3100. The counts were spread evenly over three slides for each sample, and counting was considered complete when the standard error of the mean of the total number of natural units per field was less than 10%. This tiered method yielded a minimum count of 400 natural units per sample. GALD, length, and width were measured on 10 to 30 natural units of each taxa. The depths of cells were estimated based on the general taxonomic acceptance for a species. Data were managed using aquatic sample analysis (ASA) software, a proprietary product of PhycoTech. The mean and total biovolume for each taxa within a sample were calculated using ASA software, which approximates geometric shapes based on the measurements taken. This method for biovolume determination was verified through a quality assurance round-robin at the state reservoir administration of Saxony. Detailed methods can be found at http://www. phycotech.com/technical.html. Biovolume was converted to biomass (mg L 21 ) with an assumed density of 1 mg mm 23 (Willen 1959 ).
Seston cellular P-fractionation analyses-Seston PP was determined using the ascorbic acid molybdenum blue method (method 4500-P; APHA 1998), modified for combustion of organic P. Sodium phosphate (American Chemical Society grade) was used as a primary standard, and National Institute of Standards and Technology spinach leaf reference material (standard reference material 1570a) was used as a recovery standard to ensure complete digestion of P. Filter blanks were prepared and analyzed as for the seston samples. All filters were combusted in acidwashed borosilicate tubes at 550uC for 4 h to convert the combined P to phosphate residue. Once cooled, the samples were treated with a preliminary hot dissolution and hydrolysis step by adding 0.4 mL of 10 mol L 21 H 2 SO 4 and 5.0 mL of Nanopure (Barnstead) water to each tube, mixing by vortex, and heating the tubes in a boiling water bath (100uC) for 10 min. Once cooled, the remaining reagents were added and the tubes were centrifuged to settle particulate material and the filters. After 30 min, absorbance measurements were made at 880 nm using a Cary Bio 50 spectrophotometer and a 10 cm cuvette. Sample P concentrations were corrected for filter blanks and a detection limit based upon the 99% confidence interval of the blank filters.
Seston lipid-P concentrations were determined on extracts using a modified Bligh and Dyer method. Filters were extracted with 1.5 mL of 50 mmol L 21 Tris buffer (Tris(hydroxymethyl)amonimethane, pH 7.4), 1.875 mL of chloroform, and 3.75 mL of methanol. Samples were vortexed and extracted overnight in sealed borosilicate tubes with Teflon caps. Phase separation was accomplished through addition of 1.875 mL of deionized water and 1.875 mL of chloroform, vortexing for 15 s, and centrifuging at 515 g for 10 min. The upper phase was removed through aspiration, and 2 mL of the bottom phase was transferred immediately to a clean tube. An additional 3.8 mL of buffer : methanol (0.9 : 1) was added to the remaining lower phase, vortexed, and centrifuged to separate the phases. The upper phase was removed by aspiration, and 1.25 mL of the lower phase containing the lipid-P was transferred to a clean tube. The chloroform was evaporated under a stream of filtered (0.2 mm) air at room temperature. The samples were analyzed for P content as described above for seston P.
Nucleic acid concentrations were determined using the RiboGreen reagent (Molecular Probes), as described by Gorokhova and Kyle (2002) . Filter samples and filter blanks were extracted in 2.5 mL of sample buffer (5.67 mmol L 21 sodium lauryl sarcosine, 8.35 mmol L 21 Tris(hydroxymethyl) aminomethane, and 0.84 mmol L 21 ethylenediamine tetraacetic acid at pH 8.0). Tubes were sonicated with an ultrasonic cell disruptor (50 W) on ice for 120 s in four bursts separated by cooling for at least 2 min and incubated at room temperature for 2 h on a gyratory shaker at , 1 g. Eighty-eight microliters of extracted sample were added to wells in a 96-well microplate, with half of the sample wells receiving 24 mL of ribonuclease solution (Type A, 4 mg mL 21 ; Promega), the other half receiving 24 mL of nuclease-free water. Microplates were mixed and incubated in the dark for 30 min prior to addition of 88 mL of RiboGreen (Molecular Probes) solution (1 : 200 in standard buffer). The samples were incubated for 5-10 min in the dark and the fluorescence was measured using a Horiba Fluoromax-3 spectrofluorometer with a MicroMax 384 plate reader (Horiba Scientific). The fluorescence was averaged over 1 s with an excitation wavelength of 485 nm and emission wavelength of 528 nm (5 nm bandwidth for both). Concentrations were determined against standard curves for deoxyribonucleic acid (DNA; from Escherichia coli, strain B, Type VIII, Sigma-Aldrich) and ribonucleic acid (RNA; from Saccharomyces cerevisiae, Sigma-Aldrich). The RNA content was determined by the difference between the decrease in fluorescence between the raw and RNasedigested samples. The DNA content was determined from the RNase-digested samples. The nucleic acid-P concentration was derived by assuming P comprised 8.7% of the total nucleic acid concentration (Sterner and Elser 2002) .
Seston membrane lipid analysis-IP-DAG lipids were extracted from frozen filters using a modified Bligh and Dyer method (Van Mooy and Fredricks 2010; Popendorf et al. 2013 ). To filters, 0.8 mL of phosphate buffer, 2.0 mL of methanol, 1.0 mL of dichloromethane (CH 2 Cl 2 ), and 20 mL of phosphatidylethanolamine-N-(2,4-dnitrophenyl) (DNP-PE, internal standard) were added (Popendorf et al. 2011a ). Samples were sonicated for 10 min, and an additional 1.0 mL of buffer and 1.0 mL of CH 2 Cl 2 were added. Samples were then vortexed and centrifuged for 5 min at 515 g. The lower CH 2 Cl 2 phase was collected and split into two high-performance liquid chromatography (HPLC) vials (approximately 0.9 mL into each), one for analysis and the other for archiving. Samples were dried under N 2 to less than half the initial volume and capped.
IP-DAGs were analyzed by HPLC and electrospray ionization triple quadrupole mass spectrometry (ESI-TQMS; Popendorf et al. 2013 ). Chromatography was conducted on an Agilent 1200 HPLC with a PrincetonSpher diol column (150 3 2.1 mm internal diameter, 100 Å ) using an elution gradient from 100% A to 52% B in 20 min, then to 71.5% B over 5 min and holding for 10 min, followed by 100% A for 10 min at a flow rate of 0.4 mL min 21 for 40 min, then 1 mL min 21 for 5 min. Eluent A consisted of 800 : 200 : 1.0 : 0.4 n-hexane : isopropanol : formic acid : 25% aqueous ammonium hydroxide; and B was 900 : 100 : 1.0 : 0.4 isopropanol : water : formic acid : 25% aqueous ammonium hydroxide. Mass spectrometry was conducted using a Thermo triple stage quadrupole (TSQ) Vantage TQMS operating in positive ionization mode.
We identified and quantified the nine most abundant IP-DAG classes based on neutral loss and parent ion scan events (Popendorf et al. 2013) , recognizing that additional lipid classes are present in sestonic communities. The nine polar glycerolipids we identified and quantified included three phospholipids-phosphatidylglycerol (PG), phosphatidylethanolamine (PE), and phosphatidylcholine (PC); three glycolipids (GLs)-monoglycosyldiacylglycerol (MGDG), diglycosyldiacylglycerol (DGDG), and sulfoquinovosyldiacylglycerol (SQDG); and three betaine lipids (BLs)-diacylglycerol trimethyl homoserine (DGTS), diacylglycerol hydroxymethyl trimethyl-b-alanine (DGTA), and diacylglycerol carboxyhydroxymethylcholine (DGCC). Chromatogram peaks of each IP-DAG were integrated using QuanBrowser software (Xcalibur package from Thermo Fisher Scientific). Response factors and standard curves developed from a six IP-DAG standard mixture run with the samples were used to convert integrated peaks to nanomoles of lipid. Recovery of the internal standard in each sample was then used to determine total sample nanomoles of lipids, with final correction based on the initial volume of water filtered to give nmol IP-DAG L 21 .
Statistical analyses-Horizontal differences in water quality and seston biochemistry across depth zones within a vertical layer were tested with one-way ANOVA, with significant pairwise differences determined with a Scheffe's test. No DCM samples were collected from zone 1. We used a two-sample z-test to assess differences in population (lake-wide) area-weighted mean water quality between the epilimnion and hypolimnion, with the exception of water P concentrations. A z-test was used to compare areaweighted mean water P-species concentration and seston biochemistry between the surface and DCM layers, unless otherwise noted, as a result of sample size. Two-sample ttests were used where the z-test was inappropriate. Pearson's product moment correlation coefficients (r) were determined among water quality and seston biochemical parameters. Significant (p , 0.05) correlations were determined after Bonferroni correction. Data were tested for normality using a Shapiro-Wilk test and log 10 (x + 1) or arcsine square root transformed as needed. Statistical analyses were run using Systat (version 11.00.01; Systat Software) and Sigmaplot (version 12.3.0.36, Systat).
Results
Physical and chemical characteristics-Aside from the shallowest sites (e.g., Fig. 2A ), thermostratification and a distinctive DCM layer was observed between 20 and 50 m in depth across Lake Superior (e.g., Fig. 2B ). Epilimnetic temperatures ranged from 8.7uC to 19.5uC and were significantly greater than temperatures in the DCM, which ranged from 4.1uC to 9.1uC (Table 1) . Coldest mean temperatures were observed in the hypolimnion 1 m above the bottom (mean 6 standard deviation [SD] , 4.5uC 6 1.8uC). Temperatures did not differ across depth zones in the epilimnion, but DCM temperatures were significantly lower in zone 4 (4.6uC 6 0.6uC) than in zone 2 (6.3uC 6 1.4uC; F 2,31 5 5.5, p , 0.01). Area-weighted lake-wide mean (6 SD) and 95% confidence intervals for nutrients are summarized in Table 1 . P fractions (SRP, DOP, PP) in epilimnetic and DCM waters were variable (coefficient of variation between 34% and 117%) owing to concentrations just above detection limits; no SRP concentrations were measured in zone 1. Only PP differed vertically (Table 1) ; DOP on average comprised the largest proportion of the TP pool. Within the epilimnion, small (3-10 mmol L 21 ) but significant differences were observed across depth zones for TN and SO { 4 (F 3,49 5 2.9 and 3.5, p , 0.05), though pairwise differences were found only for SO { 4 between zones 1 and 3. In the hypolimnion, NOx and TN significantly varied across depth zones (F 2,31 5 4.2 and 8.8, p , 0.05), with greater nearshore concentrations (3-5 mmol L 21 ) of NOx. Significant differences between water quality parameters of the epilimnion and hypolimnion were also observed for NOx and TN (Table 1) .
Seston biomass and nutrient concentrations-Particle concentrations of epilimnetic seston were significantly greater than DCM biomass (Table 2) . Using the size class delineations of Munawar et al. (1978) , only the microultraplankton significantly differed within the epilimnion across depth zones (F 3,49 5 3.7, p , 0.05), though the Scheffe's test could not parse out significant pairwise differences. In the DCM, microplankton (20-44 mm) and large microplankton (. 44 mm) were significantly less abundant in zone 4 (27.4 6 11.2 and 10.2 6 24.4 mg m 23 , respectively) than in shallower waters (22.1-39.9 mg m 23 ; F 2,31 . 5.0, p , 0.05). Micro-nanoplankton (10-20 mm) was significantly more abundant in zones 3 and 4 (84.6 6 9.5 mg m 23 and 83.6 6 22.1 mg m 23 , respectively) than in zone 2 (63.3 6 10.2 mg m 23 ; Scheffe's test, p , 0.05). Significant differences in seston classes were observed between the epilimnion and DCM among the microultraplankton (, 5 mm), ultraplankton (5-10 mm), and microplankton (Table 2) . Grouping particles into broader size classes (Sterner et al. 2004) , nanoplankton (2-20 mm) were significantly more abundant in the epilimnion than in the DCM (Table 2 ) and were , four times greater in concentration than net plankton (. 20 mm). Net plankton of the DCM were significantly more abundant in zone 2 (62.1 6 20.6 mg m 23 ) than in zone 4 (37.6 6 31.0 mg m 23 ; F 2,31 5 4.5, p , 0.05).
Chl a concentrations in the epilimnion ranged from 0.4 to 1.2 mg L 21 and in the DCM ranged from 0.6 to 2.3 mg L 21 , with an average difference of 30% (Table 1) . In contrast, average in situ fluorescence measures were over 80% greater in the DCM (4.1 6 1.0 dimensionless relative measure) than in the epilimnion (1.7 6 0.7; e.g., Fig. 2B ). Neither Chl a nor fluorescence significantly differed between depth zones in the epilimnion or DCM. Fluorescence and Chl a concentrations were positively correlated (r 5 0.63) and negatively correlated with temperature (r 5 20.89 and 20.58, respectively; Table 3 ).
Acknowledging the likely underrepresentation of small cyanobacteria due to determining biomass as biovolume, diatoms (division Bacillariophyta) were the prominent algal group for both seston layers (75-81%). The next most abundant algal groups in the epilimnion and DCM were the Chrysophyta (9% and 6%), Cyanophyta (8% and 5%), and Chlorophyta (6% and 5%), respectively. Total algal biomass was significantly greater in the DCM than in the epilimnion, and significant vertical differences were observed among the Bacillariophyta and Cryptophyta (Table 2 ). In the epilimnion only Cryptophytes differed between zones (F 3,49 5 3.4, p , 0.05), with greater concentrations in zone 1 (3.9 6 3.8 mg L 21 ) than in zone 3 (0.5 6 0.8 mg L 21 ). In the DCM only Chrysophytes Seston POC concentrations were on average 6% greater in the epilimnion relative to the DCM (Table 1) . We also found significant vertical differences in seston PP and the ratio of Chl a to POC. Across epilimnetic depth zones, neither seston nutrient concentrations nor stoichiometry varied significantly (Fig. 3) . DCM PP was significantly lower in zone 2 (64.0 6 24.7 nmol L 21 ) than in zone 4 (95.0 6 33.7 nmol L 21 ; F 2,31 5 3.8, p , 0.05; Fig. 3B ). DCM POC : PP, POC : PON, and PON : PP ratios also significantly varied between the shallow and deep zones (F 2,31 5 5.4, 3.5, and 6.1, p , 0.05; Fig. 3 ). Seston POC : PP and PON : PP ratios were significantly lower in the DCM than for epilimnetic seston (Table 1; Fig. 3 ). Seston Chl a concentrations were not correlated with seston nutrient concentrations (e.g., PP; Fig. 3B ) or stoichiometry (e.g., PON : PP; Fig. 3C ).
Seston partitioning of phosphorus among biomoleculesBiomolecular P pools (lipids and nucleic acids) averaged 47% of the total PP and did not significantly differ between seston of the epilimnion (14.0 6 15.0 nmol L 21 ) and DCM (14.0 6 17.6 nmol L 21 ; two-sample t-test, t 19 5 0.1, p 5 0.91). There were no differences between the epilimnion and DCM in individual biomolecular -P concentrations (two-sample t-test, t j j , 0.79, p . 0.05; Fig. 4 ). Only lipid-P was compared among depth zones and differed between zones 2 (11.5 6 8.9 nmol L 21 ) and 4 (3.3 6 2.4 nmol L 21 ) in the epilimnion (F 3,49 5 4.3, p , 0.01). RNA-P was the largest biomolecular P pool (, 24%), followed by lipid-P (, 15%) and DNA-P (, 11%). Seston POC and PON contained within nucleic acids, phospholipids, and Chl a were estimated by applying published stoichiometric ratios (C : N : P; Sterner and Elser 2002) to each biomolecular class concentration measured: nucleic acids (9.5 : 3.7 : 1), phospholipids (39 : 0.8 : 1), and Chl a (7.8 : 2 : 0). Taken together, the P-containing biomolecular pools and Chl a represented between 1% and 16% of sestonic POC and between 8% and 20% of PON.
Seston membrane lipid composition-Lake-wide areaweighted seston IP-DAG mean concentrations (6 SD) and 95% confidence intervals are reported in Table 4 . The only horizontal differences in IP-DAG concentrations were in the epilimnion for DGCC (F 3,49 5 3.16, p , 0.05). Total IP-DAG concentrations were significantly greater in epilimnetic seston relative to the DCM. Concentrations of total phospholipids, BLs, and GLs significantly differed vertically between sestonic communities (Table 4) . Among the IP-DAGs, DGTA was the most abundant BL; SQDG was the prominent GL and the second most abundant lipid overall; and PE was the most abundant phospholipid. Concentrations of MGDG, DGDG, SQDG, and DGTS were significantly greater in epilimnetic seston relative to the DCM, whereas PG and PE were significantly greater in the DCM (Table 4) .
As a percent of the total lipids measured, phospholipids (16% and 28%) and GLs (44% and 33%) significantly differed between the epilimnion and DCM, respectively (Table 4) . Despite significant differences in concentration, the proportion of BLs was similar between seston communities. The SQDG : PG, SQDG : Chl a, and BL : PC ratios were all significantly greater in the epilimnion than in the DCM.
No relationships were observed between SRP or TP and any IP-DAG concentration. Sulfate was negatively correlated only with % SQDG (r 5 20.37, p , 0.05, n 5 87). Seston POC was positively correlated with total IP-DAGs (Fig. 5A) , all of the BLs and GLs, and % SQDG and negatively correlated with % phospholipids (Table 3) . Seston Chl a was correlated with PG, PE, and total phospholipids (e.g., Fig. 5B ). Seston PP was positively correlated with PE and % phospholipids and negatively correlated with % SQDG. Seston PON was not correlated with any IP-DAG metric. Seston POC : PP stoichiometry was positively correlated with the absolute and proportional measures of all GLs and negatively correlated only with PE and % phospholipids. Among the IP-DAGs, the BLs and GLs generally correlated with one another, but not with individual phospholipids (Table 3) . However, % phospholipids were negatively correlated with % SQDG and % BLs (Fig. 6A,B , respectively). Seston POC concentration was positively correlated with the SQDG : PG ratio, while PP was negatively correlated with SQDG : Chl a (Table 3 ). Seston POC : PP and PON : PP ratios were positively correlated with IP-DAG ratios (e.g., Fig. 7) . Based on the linear functions between ratios, the compensation point in particulate stoichiometry at which P would no longer be limiting (i.e., POC : PP , 129; Hecky et al. 1993 ) corresponded with IP-DAG substitution ratios for SQDG : PG and BL : PC of below 5.6 and 3.7, respectively.
Typically reported phospholipid C : N : P stoichiometry (39 : 0.8 : 1; Sterner and Elser 2002) is an average among the phospholipid classes and includes the C-rich fatty acid (FA) tails. Though FA chain length (and thus the number of carbon atoms) may vary (Van Mooy and Fredricks 2010; Brandsma et al. 2012 ), production of the FA tails occurs regardless of the head group produced and puts no demand on a limiting nutrient. Thus, focusing strictly on the lipid head groups, seston IP-DAG C : N : P : S stoichiometry in the epilimnion (46 : 4 : 1 : 13) was more N-and S-rich and Ppoor relative to the DCM (24 : 2 : 1 : 5; z . 6 j j, p , 0.001, n 5 87).
The pattern in lipid-P concentration differed between quantification by combustion and by HPLC-TQMS. By combustion, lipid-P concentrations were double those determined by HPLC-TQMS, but they did not differ significantly between epilimnion and DCM (Fig. 4) . However, lipid-P concentrations based on HPLC-TQMS were 27% lower in the DCM than in the epilimnion (z 5 26.75, p , 0.001, n 5 87); the difference was similar in magnitude to the total PP concentration difference (25%) between epilimnetic and DCM seston ( Table 1) . As a proportion of the PP pool, lipid-P by HPLC-TQMS was nearly identical (, 7.1%) between seston layers. Average SL-S and BL-N concentrations in epilimnetic seston were on average 51% and 24% greater, respectively, than in the DCM. Accounting for the reduction in the concentrations of PE and PC in epilimnetic seston (both of which also contain 1 mol of N), the additional N requirement for BLs in epilimnetic seston was only 7% greater than that of the DCM-with the difference conspicuously close in magnitude to the proportional difference in seston PON (4%; Table 1 ). 
Discussion
The results we describe for the sestonic communities of Lake Superior represent how established microbial groups distributed throughout the euphotic zone have made physiological trade-offs to optimize their growth under persistent nutrient, light, and temperature regimes. We found evidence that the epilimnetic community may partially compensate for decreased P availability in surface waters by increasing the relative proportion of lipids that do not require P.
Seston biomass and stoichiometry-Before testing for differences in biomolecular P composition among sestonic communities, we first established that differences existed in biomass and nutrient concentrations. We found few horizontal differences in water chemistry, seston biomass, and biomolecular composition between depth zones. Biological and chemical measures in areas nearest to large tributary discharges could be more reflective of watershed inputs (e.g., nutrient and sediment loadings), notably during high runoff events (Auer and Bub 2004) , but overall our results suggest that observations from long-term offshore monitoring sites are generally applicable lakewide. We did observe vertical gradients in physicochemical properties, seston biomass, and biomass nutrient concentrations, with the exception of PAR. Average PAR in the DCM was approximately 2% of epilimnetic PAR, fitting expectations for light attenuation and DCM development near the light limitation threshold of 1% of surface light (Moll and Stoermer 1982) . We suggest that the diurnal sampling schedule obfuscated linkages between PAR and other parameters that we expected to find. We therefore assume that statistical relationships for irradiance are similar to those we describe for temperature, and we discuss vertical patterns accordingly.
In deep, low-light environments, the inverse pattern between POC and Chl a shown here has been attributed to photoadaptation (i.e., greater Chl per unit of carbon; Barbiero and Tuchman 2004) . Indeed, photoadaptation is a determinant of DCM development in Lake Superior, along with a nutricline and, to a lesser extent, entrainment of settling seston and grazing (Moll and Stoermer 1982; Auer and Bub 2004; White and Matsumoto 2012) . While DCM algal biomass was greater than that measured in the epilimnion (Table 2) , contradictory to the photoadaptation theory, our determination of algal division biomass by biovolume may have skewed results. Vertical changes in the Chl a : POC ratio, however, were reflective of the light environment of the DCM (Geider et al. 1997; White and Matsumoto 2012) . Low light and reduced primary production in the DCM would contribute to the significantly greater Chl a : POC ratios observed (Geider et al. 1997; Sterner 2010 ). Similar to the pattern with POC, total particle and smallparticle (2.8-10 mm) concentrations were greater in the epilimnion than in the DCM (Table 3 ). This occurred despite the fact that POC concentrations would have captured smaller plankton (GF/F filter . 0.7 mm) than were measured by the particle counter. Picophytoplankton (, 1-3 mm) is prominent in Lake Superior seston (Fahnenstiel et al. 1986) , and bacteria may also contribute to particle counts near the 2.8 mm detection limit and should be abundant in seston based on DOC : POC concentrations (Cotner and Biddanda 2002) . Greater concentrations of small organisms in the epilimnion suggest reduced nutrient availability relative to the DCM (Eppley 1972; Marañ ó n et al. 2012 ) and may also be related to greater light, temperature, and NO { 3 availability (Shuter 1979; Marañ ó n et al. 2012) . Changing climatic conditions may further alter seston size class concentrations and stoichiometry in Lake Superior. Increasing water temperatures (Austin and Colman 2007) could result in greater abundances of small-sized diatoms (Winder et al. 2009 ), while greater atmospheric CO 2 coupled with stronger thermostratification driven by warmer temperatures would exacerbate seston stoichiometric imbalances (i.e., POC : PP; Cotner et al. 2006; van de Waal et al. 2010) .
Imbalanced seston POC : PP ratios may be related to the reduced cell sizes, which minimizes requirements or quotas for nutrients (Cotner and Biddanda 2002; Sterner and Elser 2002) . Additionally, at reduced growth rates and P or N limitation, low light has been linked to lower C : P and N : P ratios, characteristic of the DCM, than for P-and Nlimited algae at higher growth rates in greater light (Sterner and Elser 2002) . The sestonic POC : PON (, 12) ratios we found suggest some N stress in Lake Superior (Hecky et al. 1993) . However, in a mixed culture of lake bacteria, we have also observed that increasing C : P supply ratios caused the C : N ratios of the bacterial biomass to double in chemostats (C. M. Godwin and J. B. Cotner unpubl.). Alternatively, higher POC : PON ratios may be related to the prevalence of oxidized N in Lake Superior (Dortch 1990; Kumar et al. 2008 ). Reduced forms of N are preferred, but low water P and iron concentrations may depress nitrate uptake rates (Ivanikova et al. 2007 ). Indeed, co-limitation by both iron and P in Lake Superior reduces microbial growth rates (Sterner et al. 2004 ) and could directly influence seston stoichiometry (Sterner and Elser 2002) .
The vertical gradient in PP, POC : PP, and PON : PP suggests greater availability and/or uptake of P in the DCM (White and Matsumoto 2012), though we did not observe vertical differences in water column SRP or TP concentrations (see also Barbiero and Tuchman 2004; Sterner 2011) . Cellular P may be disassociated from external nutrient concentrations as a result of high affinity and uptake rates sustaining low external P concentrations (Cotner and Biddanda 2002; Orchard et al. 2010) . Physiologically, any additional P supply could stimulate an 'overplus' P-uptake response among seston of the DCM (Orchard et al. 2010) contributing to the reduced DCM POC : PP ratios observed, though confirmation of the phenomena is beyond the reach of this study.
Seston biomolecular composition-The prominence of non-phosphorus containing biomolecules (e.g., sugars, proteins) contributed to imbalanced biomass stoichiometries (i.e., high POC : PP). Among the nucleic acids, lipids, and Chl a, we estimated C and N concentrations as being , 20% of bulk POC and PON. Based on the vertical gradient in seston POC : PP stoichiometry, we expected to likewise see significant differences in biomolecular P concentrations between sestonic communities. However, we only detected significant dissimilarities in seston IP-DAG composition. The vertical similarities in seston biochemistry could be related to the relatively small size of the DCM influenced by the homogeneous dissolved P gradient of Lake Superior compared to those found in more P-rich lakes that support a larger DCM layer (Moll and Stoermer 1982) .
Similarities in biomolecular P concentrations could be a function of other physicochemical conditions besides nutrients (described below), in addition to difficulties in quantifying cellular components at low concentrations (Geider and La Roche 2002; Sterner 2011) . Recognizing the small sample size and large variance, we found biomolecular P pools represented , 50% of seston PP. While seemingly low, Norici et al. (2011) only accounted for 14-44% of the PP pool from Skeletonema marioni cultures, although Cotner et al. (2006) were able to account for 60-90% of total P in the nucleic acid and lipid pools of E. coli.
Nucleic acids were the dominant P pool (. 30%) measured. DNA concentrations may vary as a function of growth rate or cellular N : P but are typically a constant and small proportion of the cellular P pool (Rhee 1978; Sterner and Elser 2002) . Conversely, RNA can be a prominent P pool that varies within and among species and correlates positively with growth rates (Shuter 1979; Sterner and Elser 2002; Makino et al. 2003) . While phytoplankton growth rates tend to be higher in the epilimnion (Sterner 2010) , the physicochemical environment may confound vertical trends. For example, nucleic acid-P contents significantly declined (0.22 to 0.03 pg cell 21 ) in algal cultures exposed to the low light despite algae having greater PP (Norici et al. 2011) . Conversely, cold temperatures have been linked to increased RNA and cellular P concentrations among prokaryotes and eukaryotes (Woods et al. 2003; Cotner et al. 2006) .
Spectrophotometrically measured lipid-P concentrations were also similar between layers. The proportion of the PP pool as lipid-P (11-15%) found within Lake Superior was lower than that of the open, P-replete eastern Pacific Ocean Table 4 . Area-weighted lake-wide estimates of seston intact polar lipid (IPL) composition reported as mean 6 SD with 95% confidence interval (CIs). Z-score and level of significance indicated.
Intact polar diacylglyceride (IP-DAG)
Epilimnion (n 5 53) DCM (n 5 34) Table 1 . ns, not significant.
(25%; Van Mooy and Fredricks 2010). However, we observed different concentrations and vertical patterns for spectrophotometrically derived and IP-DAG-derived lipid-P concentrations. Lipid-P concentrations from the latter were only half those measured in the former, but they differed significantly between layers. Extraction methodology and analytical sensitivity likely explain at least some of the differences in lipid-P concentrations, but the results also indicate that lower percentages of phospholipids are characteristic of P-depleted environments such as Lake Superior.
The lack of vertical differences in the measured P pools suggests that other P-containing molecules not captured here are more dynamic (C. M. Godwin and J. B. Cotner unpubl.). For example, polyphosphate (PolyP) production is an important adaptive trait in low (, 0.1 mmol L 21 )-P systems (Orchard et al. 2010 ) and may significantly influence biomass stoichiometry (Geider and La Roche 2002; Sterner and Elser 2002) . PolyP in Lake Superior seston thus far has been quantified at less than 3% of PP (J. B. Cotner unpubl.), but PolyP represented 8-25% of cellular P in phytoplankton from the Sargasso Sea (Orchard et al. 2010) . Phosphorylated proteins also remain enigmatic and difficult to quantify, likely because of their transient nature, existing to control enzymatic activity rates, and would fluctuate with growth (Sterner and Elser 2002) .
Vertical gradient in IP-DAG profiles-Vertical differences of the nine lipid groups measured indicated that the taxonomically distinct microbes of the epilimnion and DCM (Munawar and Munawar 1978) have likewise fundamentally modified their membrane lipid composition. Measurement of additional lipid classes (e.g., arsenolipids, sphingolipids) would further shed light on the molecular modifications seston make to physicochemical conditions. It is also possible that other phospholipid classes (e.g., phosphosphingolipids, cardiolipids, methylated phospholipids) could help account for a larger proportion of the PP pool. We found that IP-DAG-P concentration in the epilimnion was nearly 27% lower than in the DCM. Given that our measured internal P pools only accounted for approximately 50% of the PP pool, we cannot definitively state that the difference in PP between the epilimnion and DCM (25%) was strictly due to membrane phospholipid compensation and substitution, but the evidence is compelling. The ability to produce SQDG when P is scarce is essential to maintaining growth rates (Benning et al. 1993; Sato et al. 2000) , and lipid substitution has been estimated to reduce lipid P demands by 5% to 43% (Van Mooy et al. 2009 ). While BL substitution has not been explicitly linked to physiological success (e.g., growth rates), given the abundances measured, we can postulate that it also plays important adaptive and functional roles.
We found seston to have reduced phospholipid abundances (, 50%) and significant vertical differences in Pscarce Lake Superior. Significant substitution of PG for SQDG by autotrophs was evident, as PG was the least abundant phospholipid. PC was the second most abundant phospholipid, but concentrations did not differ between seston communities, despite apparent substitution of this lipid with BLs (based on BL : PC ratios), notably in the epilimnion. Different relative abundances of eukaryotes between sestonic layers (Table 2) BLs were the most abundant IP-DAG, and concentrations of total BLs, DGCC, and DGTS in epilimnetic seston were significantly greater relative to those in the DCM. The prominence of BLs may be a reflection of the severe imbalance of dissolved N : P in the water and BL's structural coherence with N-containing phospholipids (Van Mooy et al. 2009 ). Correlation between the POC : PP and BL : PC ratios was consistent with substitution under greater P stress. However, correlations between BLs and water chemistry or seston phospholipids, PP, POC : PP, and PON : PP were not significant. We also did not observe the proportion of BLs (% BLs) to significantly differ between sestonic communities (Table 4 ), suggesting that, as with PC, taxonomic differences in addition to P stress were influencing seston BL concentrations.
Epilimnetic seston also produced significantly more GLs relative to seston of the DCM to compensate for P scarcity. Phototrophs have been shown to increase the concentration of DGDG during P limitation (Hä rtel et al. 2000) . SQDG is structurally similar to PG, with a large, negatively charged head group, and increases in photosynthetic membranes inversely with PG during P stress (Benning et al. 1993; Benning 1998; Van Mooy et al. 2006) . The abundance of SQDG (18-25% of total IP-DAGs) relative to PG (3-24 : 1) was surprising given the purported 'low' sulfate concentrations (ca. 37 mmol L 21 ) in Lake Superior, indicating phytoplankton are adept at utilizing what are perceived to be limited sulfur resources. Correlation between the POC : PP and SQDG : PG ratios indicates phytoplankton were substituting PG with SQDG as P was more limiting.
Context for Lake Superior seston IP-DAG patternsDescriptions of IP-DAG profiles and lipid substitution have primarily come from studies of microbial cultures and marine communities. Study of IP-DAGs from freshwater microbial communities has only recently been described (Bellinger and Van Mooy 2012) . As such, we draw upon the available literature for contextualizing our findings from oligotrophic Lake Superior, but we do so with caution.
Abundances of phospholipids from Lake Superior seston were consistent with the findings of studies from oligotrophic marine environments in which planktonic phospholipid concentrations have been found to range from 5% to 50% of the total lipids (Van Mooy et al. 2006; Van Mooy and Fredricks 2010; Popendorf et al. 2011b ). The proportion of phospholipids in Lake Superior seston was higher than for a P-limited freshwater marsh, in which periphyton phospholipids averaged less than 5% of the total measured lipids (Bellinger and Van Mooy 2012) . It remains to be determined whether freshwater periphyton and seston have differing phospholipid requirements in oligotrophic systems of the magnitude found between Lake Superior and the Florida Everglades.
Fitting expectations of lipid substitution, we found similar BL : PC ratios (4-7 : 1) as the oligotrophic Mediterranean Sea (, 1-5 : 1; Popendorf et al. 2011b ). However, relative abundances of BLs in Lake Superior (38-41%) were similar to findings from phytoplankton of the relatively P-replete central Black Sea and eastern South Pacific (25-65%; Schubotz et al. 2009 ; Van Mooy and Fredricks 2010). This suggests that BL production may be independent of P limitation. However, eukaryotic plankton were abundant in the latter two marine environments and in this study.
The distribution of BLs has predominately been described among eukaryotes (Rozentsvet et al. 2000; Van Mooy et al. 2009 ), with few examples from photosynthetic bacteria (Benning et al. 1995) or cyanobacteria (Ř ezanka et al. 2003) . In oligotrophic marine systems in which abundances of BLs are reduced, picocyanobacteria tend to dominate (Van Mooy et al. 2006 . Greater concentrations of eukaryotic algae in the DCM than in the epilimnion may be contributing to the vertically similar proportions of BLs, despite less substitution for phospholipids in the DCM than in the epilimnion. Periphyton mats in the Florida Everglades dominated by green algae and diatoms had BL concentrations that were 1.5-2 times greater than those of mats comprising primarily cyanobacteria, the latter with a prominent GL component (Bellinger and Van Mooy 2012) .
The proportional abundances of SQDG in Lake Superior were similar to those of phytoplankton from the North and South Pacific (20-25%), with varying P concentrations (, 100-1000 nmol L 21 ; Van Mooy et al. 2006; Van Mooy and Fredricks 2010) , and the low-P (, 300 nmol L 21 ) Florida Everglades (8-33%; Bellinger and Van Mooy 2012). However, relative abundances were lower than those of the P-scarce (, 50-300 nmol L 21 ) North Sea (50-85%; Brandsma et al. 2012) , indicating significant plasticity in SQDG production among autotrophs. The mean SQDG : PG ratio in Lake Superior was greater than that observed for P-stressed marine plankton (1-12; Van Mooy et al. 2006 Van Mooy and Fredricks 2010) , but lower than that observed in periphyton from the Florida Everglades (21-40; Bellinger and Van Mooy 2012) . Oligotrophic freshwater ecosystems tend to have lower P concentrations than are found in many parts of the ocean (Guildford and Hecky 2000) , which would necessitate the greater need for phospholipid substitution so far observed.
Similar to work in the Florida Everglades (Bellinger and Van Mooy 2012) , SQDG and Chl a concentrations were not correlated in Lake Superior, which is contrary to patterns found for marine phytoplankton (Van Mooy and Fredricks 2010; Popendorf et al. 2011b ). The lack of coherence between SQDG and Chl a in Lake Superior may be due to photoacclimation, a greater need for lipid substitution in surface waters, or the abundance of N (Van Mooy and Fredricks 2010; Popendorf et al. 2011b ). Further study is needed in freshwater ecosystems to understand the lack of a relationship between SQDG and Chl a.
Biological indicators are preferred over water chemistry, as they are integrative of physicochemical conditions. While the variability explained in the relationships between lipid ratios and seston stoichiometry was , 35% (Fig. 7) , this was likely related to the limited range in TP and PP that exists in Lake Superior. To this end, further studies of seston from lakes spanning a greater P gradient are being carried out with a goal of developing membrane lipid ratios as complimentary indicators of nutrient conditions in freshwater systems. Further studies could utilize isotopic tracers to address P fluxes through the pools measured here and known to be present but not measured in this study.
Additionally, examination of Lake Superior seston during times of mixing (i.e., no thermostratification) and throughout the stratification period when seston community biomass and composition differs (Munawar and Munawar 1978) could reveal more distinct biomolecular modifications due to the varying P-supply rates, temperatures, and light attenuation within the upper water column than were observed here.
